The results of an experimental investigation on the microcracking of high-performance concrete subjected to biaxial tension-compression stresses are presented. Short-term static tests and microcracking mapping were performed on 12.5 cm square by 1.25 cm thick plates. Strain controlled tests were executed in a biaxial testing machine constructed at the University of Texas. The primary variables studied were the deformations and the ultimate stress level at each stress ratio as well as the microcracking patterns and total crack lengths. For the microcracking study, the plates, after straining, were impregnated by an epoxy and then examined under a microscope. Microcracks were classified into simple and combined cracks, since this distinction allows for a much better representation of the microcracking process. A simple crack is either a bond or mortar crack where a combined crack contains both of these. For all stress ratios tested, the stress-strain behavior was directly related to the internal microcracking pattern. In all cases, the failure was directly related to the formation and propagation of the combined cracks.
Introduction
Concrete in normal conditions is a versatile, resistant and durable construction material. However under several physical and chemical processes as well as certain environmental conditions it may deteriorate in a short period of time. This fact has led researchers in the last 30 years to develop the high-performance concrete. High-performance concrete (HPC) is a concrete which possess high workability, high strength and low permeability.
In most strucutures, concrete is often subjected to biaxial states of stress, and the behavior of the material under these types of loadings must be well understood. It is therefore not surprising that numerous investigations into the behavior and strength of normal strength concrete (NSC) under biaxial stresses have been done in the past 40 years. On the other hand, HPC differs from NSC in several aspects 1 and these differences must be better understood to facilitate the design and construction of more structures with HPC.
Since the beginning of last century, research has shown the existence of microcracks in concrete. However, only since the 1960's have these microcracks been observed, characterized and measured. The development of fracture mechanics models, during the last 30 years, enabled the structure of concrete to be taken into consideration. This fact has led to the increasingly application of fracture mechanics in the design of concrete elements 2 . In spite of this, the theory of fracture mechanics in concrete is not yet as mature as continuum theories 3 , such as elasticity and viscoelasticity. This is in part due to the limited understanding of the formation and propagation of microcracks in concrete.
Thus the aim of this paper is to gain further understanding on the behavior and failure mechanism of HPC when subjected to biaxial stresses in terms of internal microcracking. Short-term static tests and microcracking mapping were performed on 12.5 cm square by 1.25 cm thick plates subjected to biaxial tension-compression stresses at selected stress ratios. Strain controlled tests were executed in a biaxial testing machine constructed at the University of Texas. The internal microcracking patterns observed at different stress-ratios and load levels were related to the failure modes corresponding to that stress-ratio.
Materials and Experimental Procedures

Materials
The proportioning of the components for HPC mixes is more critical than for normal concrete since for HPC optimum performance is required from each component used. For the current investigation, the materials used included Brazilian Type CP I cement, crushed limestone, with a maximum size of 1.25 cm, as coarse aggregate and a river sand as fine aggregate. For the necessary slump the superplasticizer employed was Pozzolith 400-N manufactured by Master Builders of Cleveland, Ohio. The mix design consisted of 575 kg of cement per cubic meter of concrete, a water/cement ratio (by weight) of 0.28, a aggregate/cement ratio of 2.88 and a coarse-to-fine aggregate ratio of 1.72. The superplasticizer/cement ratio (by weight) was 0.013.
A total of six 15 cm × 15 cm × 50 cm beams were cast using steel molds. A pencil vibrator was used for compaction of the concrete into the molds. The newly cast molds were covered with a wet burlap for 24 hours. The beams were then removed from the molds and placed in a curing room at a temperature of 22 ± 2 °C and 95 to 100 percent relative humidity.
Specimen Preparation
The preparation of the plate specimens started with the cutting of the 12.5 cm square by 1.25 cm thick plates from the beams. This process was initiated after at least 56 days of casting and was performed using a slow-feeding diamond blade lapidary saw. For the 1.25 cm dimension, the plates were sliced slightly larger than needed and ground down employing a vibrating lapidary table. After grinding, the specimens were again stored in the curing room. At least three days prior to testing, each specimen was removed from the curing room for preparation of the loading edges. The edges were sand-blasted with fine silica sand to roughen the surfaces, facilitating a good bond between the edges of the specimen and the epoxy adhesive.
For the transmission of the tensile forces, the edges of the specimen must be securely attached to the comb-platens and the binding material used must develop a sufficient strong bond with both the concrete and the aluminum to withstand the maximum tensile force expected. The exposed edges of the specimen were then coated with a thin layer of Adhesive Engineering Company 1411 Non Sag Paste Adhesive. The mating surfaces of the comb-platens and the specimen were then pressed together an allowed to cure for 36 hours.
Loading Apparatus and Testing Procedure
The loading apparatus used was a special biaxial testing machine built at The University of Texas. It consists of steel framing members, hydraulic rams and load cells. Each ram was controlled by an electronic hydraulic servo system. In order to prevent any significant confining stress, special steel brush-bearing platens were used for compressive loads. They were of a design similar to those employed by Hilsdorf 4 . For the tensile loads, a different set of platens, made of a single aluminum plate, was used.
Instrumentation was necessary to measure and record loads and strains. Load cells were employed for measuring the loads, while strain gages were used for evaluation of the deformations. Two strain gages, glued on opposite faces of which specimen were used. The rate of loading was conditioned to match the strain gage feedback signal by the electronic hydraulic servo system. Seven specimens were tested for each principal stress ratio. The first three were used to establish the deformations and strength. Subsequently, two were loaded to about 70% of the strength, and the last two to loads above that point but prior to failure. These last four specimens were used in the microcracking study. The principal stress-ratios used were σ 2 /σ 1 = 0 (uniaxial compression); σ 2 /σ 1 = -0.5 and -1.0 for biaxial tension-compression; and σ 2 /σ 1 = ∞ for uniaxial tension.
Microcracking Study
Several methods have been used to study the microcracking of concrete, including acoustic emission 5 , microscope technique with dye 6 , and computerized tomography analysis 7 . According to Nemati et al. 8 , most techniques have limited capability in representing the geometry and state of microcracks as they exist under load specially when concrete is subjected to tensile stresses. Since in this study, concrete was not only subjected to tensile stresses but also to a biaxial state of stresses, the selected technique consisted of microscope examination of strained specimens after the injection of a blue dye epoxy under pressure (0.15 MPa) 9 . The epoxy used was composed of a blue dye, a resin (Shell R 828), ether and a hardener. The injection process consisted of pouring the epoxy into a tray with several specimens so that it flowed up and around each specimen. The tray was then put into a chamber and the pressure was applied. The impregnation required about 2 h.
The microcracks were mapped, using a fine tip black ink pen, on a photograph taken of each cell of a 3 × 3 mesh drawn on the face of each specimen. The stereomicroscope used was Zeiss (model SM 350/50X) with a 50X maximum magnification. A magnetic digitizing table was used to automatically compute the x-y coordinates of any point along a crack. This digitizing table was connected to a VAX computer each stored automatically the coordinates into a file. A program was then used to compute the length of each crack.
Test Results and Analysis
General Behavior
Typical stress-strain curves at different principal stress ratio tested are shown in Fig. 1 . It is interesting to note that only for the case of uniaxial compression, the stress-strain curve deviates significantly from linearity at high levles of straining. This behavior is directly related to the observed internal microcracking process and will be explained in the next section. The analysis of the plots also indicate that the ultimate compressive strength under biaxial tension-compression is significantly less than the uniaxial compressive strength.
With respect to the deformations, the results show that the introduction of a principal tensile stress reduces significantly the magnitude of the tensile strain at failure. This indicates that high-performance concrete as normal strength concrete can sustain a larger amount of indirect tensile strain, due to Poisson's effect, than direct tensile strains.
The biaxial tension-compression strength envelope is shown in Fig. 2 . The strength envelope for normal strength concrete, obtained by Tasuji et al. 10 , is also shown. The data presented in the plot are normalized with respect to the plate uniaxial compressive strength. The shape of the strength envelope for biaxial tension-compression of HPC is much more linear than that obtained for normal strength concrete under similar loading conditions. The comparison also indicates that the biaxial tension-compression strength is different for different strength concretes. Under biaxial tension-compression, the decrease in the compressive strength is lower for concretes with a normal uniaxial compressive strength (NSC), and is higher for concretes having a higher uniaxial compressive strength (HPC). This difference in behavior has important implications on the design of HPC structures. An example would be in the shear design of reinforced concrete flexural elements. Since biaxial tensioncompression stresses exist in the shear region of these elements, the stresses corresponding to the formation of the diagonal cracks should be more carefully determined when HPC is used.
The failure mode of all plate specimens tested fell into one category, tensile splitting in a plane or planes perpendicular to the direction of the principal tensile strain. The failure surface contained fractures through both mortar and coarse aggregate. These results suggest that the failure criterion for high-performance concrete under biaxial stresses is a limiting value for the tensile strain. It must be realized that the value of the tensile strain is not constant: it is dependent upon the applied state of stress.
Microcracking Analysis
The original data from the microcracking study consisted of close-up pictures of each one of the nine squares drawn on the face of each specimen tested. A representative pic- Fig. 3 .
The microcracking results, shown in Table 1 , are presented in terms of simple (bond or mortar) and combined cracks which, according to Carrasquillo et al. 11 , represent much better the microcracking process taking place in highperformance concrete. A simple crack was considered to be a single bond or mortar crack not connected to another crack. A combined crack contained two or more cracks connected to each other. One further division of combined cracks into Type I and II was made to obtain an indication of the extent and stability of progressive cracking. A Type I combined crack consisted of a combination of one bond crack and one mortar crack or of a combination two bond cracks connected by a mortar crack. A Type II combined crack consisted of a combination of at least two bond cracks and two mortar cracks. A Type I combined crack was also considered a stable crack.
The existence of cracks in concrete prior to loading is well documented 3, 6, 11 . In NSC, bond cracks usually form around the large coarse aggregate particles, since the aggregate-mortar interface is the weakest link in the system. In HPC this is no longer true. Table 1 shows that the percentage of bond cracks ratio is almost equal to the the percentage of mortar cracks. This is due to a stronger transition zone which results from the reduction of excess bleeding, and a better compatibility of strength and elastic properties between the coarse aggregate and the mortar.
In uniaxial compression, the analysis of the microcracking process indicates a significant percentile change in the total length of simple and combined cracks as failure is reached. The results also show a progressive increase in the percentage of the total length of Type II combined cracks in relation to Type I near failure, which is a sign of a more unstable progressive microcracking. This instability in the crack growth mechanism is directly reflected in the stress-strain diagram of high-performance concrete. This relationship is 1 Ratio between the applied stress and the strength corresponded to that stress-ratio; 2 Ratio between the total length of bond cracks and the total length of cracks; 3 Ratio between the total length of mortar cracks and the total length of cracks; 4 Ratio between the total length of Type I combined cracks and the total length of cracks; 5 Ratio between the total length of Type II combined cracks and the total length of cracks. no longer linear at high levels of straining. Several studies 6, 11, 12 have observed this same finding.
In relation to uniaxial tension and biaxial tension-compression stresses, the analysis of the microcracking process shows a different pattern. Not only are the percentages of simple and combined cracks constant as failure becomes eminent but also the percentages of Type I and Type II combined cracks. This is a sign of stable progressive cracking which resembles the behavior of a homogeneous material. Consequently the stress-strain relationships should also approach that of a homogeneous material, which is very well represented by the linearity in the stress-strain diagrams.
Concluding Remarks
1.The introduction of a principal tensile stress reduces substantially the ultimate compressive strength under biaxial tension-compression in relation to the uniaxial compressive strength. This difference in behavior has important design implications of HPC structures. An example would be in the shear design of reinforced concrete flexural elements. 2. Differently from NSC, the amount of bond and mortar cracks in HPC is almost equal prior to loading. 3. In uniaxial compression, the microcracking process at high levels of straining is more of an unstable progressive nature. Consequently, the stress-strain curve deviates significantly from linearity at high levels of stress. In uniaxial tension and biaxial tension-compression stress ratios, the cracking process is more of a stable progressive nature approaching that of a homogeneous material. Consequently, the stress-strain curve is almost linear up to failure.
